The tunnel-structured Na0.44MnO2 is considered as a promising cathode material for sodium-ion batteries because of its unique three-dimensional crystal structure. Multiangular rod-shaped Na0.44MnO2 have been first synthesized via a reverse microemulsion method and investigated as high-rate and long-life cathode materials for Na-ion batteries. The microstructure and composition of prepared Na0.44MnO2 is highly related to the sintering temperature. This structure with suitable size increases the contact area between the material and the electrolyte and guarantees fast sodium-ion diffusion. The rods prepared at 850 °C maintain specific capacity of 72.8 mA h g−1 and capacity retention of 99.6% after 2000 cycles at a high current density of 1000 mA g−1 . The as-designed multiangular Na0.44MnO2 provides new insight into the development of tunneltype electrode materials and their application in rechargeable sodiumion batteries 
provides new insight into the development of tunnel-type electrode materials and their application in rechargeable sodium-ion batteries.
INTRODUTION
The demand for large-scale energy storage devices has been growing significantly due to the continuous depletion of energy resources. 1 Sodium ion batteries (SIBs), a new generation of large-scale rechargeable energy storage devices, are attracting more and more attention because of the low cost and abundant availability of sodium resources. Nevertheless, the sluggish electrochemical reaction kinetics resulting from the large diameter of the Na + ion makes it very difficult to find suitable host materials for rapid and reversible Na + insertion and extraction. [2] [3] [4] Therefore, it is highly desirable to develop effective Na-host materials for high performance SIBs with high specific capacity, high rate capability, and long-term cycling stability. [2] [3] [4] [5] [6] [7] [8] Considering the cost factor, the sodium manganese oxides (Na x MnO 2 ), such as NaMnO 2 , Na 0.60 MnO 2 and Na 0.44 MnO 2 , have been studied as promising cathode materials for SIBs since they were reported by Parant et al. in 1971. 9 For Na x MnO 2 , a tunnel-type structure is formed at 0.22 ≤ x ≤ 0.44, a mixture of tunnel and layered structures is formed at 0.44 < x ≤ 0.66, and a fully layered structure is formed at 0.66 < x ≤ 1. 10 Among these structures, the tunnelstructured Na 0.44 MnO 2 is particularly attractive due to its unique three-dimensional (3D) crystal structure, which is made up of MnO 5 pyramids and MnO 6 octahedra, and is able to tolerate some stress during structural change. [10] [11] [12] [13] [14] [15] Na 0.44 MnO 2, with a theoretical discharge capacity of 121 mAh g -1 (1 C = 121 mA g -1 ), has a framework containing large S tunnels and small tunnels, and among them, the S tunnels can provide an abundance of vacancies, where 0.22 Na + can be reversibly extracted along the c-axis. [16] [17] [18] The crystal structure of Na 0.44 MnO 2 is shown in Figure S1 in the supporting information. It is difficult, however, for the Na 0.44 MnO 2 lattice to well accommodate the structural changes during the insertion/extraction of Na + , leading to poor rate capability, which severely restricts its practical applications. which each droplet acts as an independent microreactor to help produce the desired compound. 24 It can help to synthesize small particles with a narrow size distribution. 25 In this work, we have prepared monophasic Na 0.44 MnO 2 with multi-angular shaped rods by a modified reverse microemulsion method. 16 To the best of our knowledge, this is the first time that Na 0.44 MnO 2 with multi-angular images has been reported. This structure with suitable size increases the contact area between the material and the electrolyte, guarantees fast sodium ion diffusion and helps release strains resulting from de-insertion/insertion of Na + ions in multiple directions. When used as cathode material in SIBs, the as-prepared multiangular Na 0.44 MnO 2 rods feature stable cycling performance, excellent high-rate capability, and long cycle life at 8.3 C.
EXPERIMENTAL SECTION
Material Preparation. Multi-angular rod-shaped Na 0.44 MnO 2 was synthesized through a reverse microemulsion method. All the chemicals were used as purchased. Sodium nitrate and manganese nitrate tetrahydrate with a Na/Mn ratio of 0.44 were dissolved successively in 9 mL deionized water to form the water phase. 0. conducted at room temperature.
RESULTS AND DISCUSSION
The shape-defined cathode material, Na 0.44 MnO 2 , was synthesized via a reverse microemulsion method from the mixed solution of P123, EG, ethanol and water. A gel precursor was formed after removing the water from the precursor solution by heating at 80°C, and then the targeted material could be obtained by further heating the precursor at a higher temperature in air. The TGA/DSC test was employed to study the chemical reactions and crystallization behaviours of the gel precursor during calcination. was performed on the synchrotron XRD pattern collected from NMO850 as a single phse, 13, 26 and is shown in Figure S3 . The structural formula is fitted to Na 4.34 Mn 9 O 18 , indicating more sodium existing in the composite than Na 4 Mn 9 O 18 . Since the impurity phase is very little, we
can not get the exact phase through the Rietveld refinment.
The morphologies of samples calcined at different temperatures are shown in Figure 2 .
All the samples presented well-distributed multi-angular rod-shape morphology with grooves on the surfaces. It can be seen that the rods of NMO750 were well-isolated with diameters in the range of 0.1-0.5 μm and lengths of 0.5-2.5 μm. With increasing sintering temperature, the rods become bigger and longer and the grooves become more obvious. This growth is consistent with the increasing intensity of the XRD results. The multi-angular rods tend to fuse together to decrease the surface energy at 850 and 900°C. The edges of the grooves tend to be deeper and sharper for NMO850 but smoothened when calcined at 900°C.
To understand the effects of P123 and EG, we prepared samples without the addition of P123 or EG, while the other conditions were maintained as the same with NMO850. The XRD patterns and SEM morphologies of the samples obtained without the addition of P123 or EG are shown in Figure S4 and Figure S5 , respectively. It can be clearly seen that the rods obtained from the solution without P123 formed with manganese oxide impurities, and are shorter and thicker comparing with those prepared with the addition of P123 as shown in Figure 2c . The grooves on the surfaces are far less obvious than those in Figure 2c , which may result from the lack of morphology controlling effect of surfactant P123 to form shapedefined grooves. 27 Moreover, without the addition of EG, the multi-angular rods are Na 0.44 MnO 2 with Mn 2 O 3 impurities, the content of which is much larger than 5 mol%, as shown in Figure S4 . The rods are longer and thinner than those shown in Figure 2c and Figure   S5a The impurity content is too low to be detected. Similar SAED patterns also exist for NMO800 and NMO900 (not shown). tends to grow into rod-or wire-like shapes, as summarized in Table 1 . To the best of our knowledge, this is the first time that multi-angular Na 0.44 MnO 2 rods are reported. The multiangular structure is theoretically favourable for materials intended as electrodes for batteries.
In this case, it can not only increase the contact area between the Na 0.44 MnO 2 rods and the electrolyte, but also accelerate the diffusion of sodium ions in the bulk of the material. The aligned grooves on the surface of the 1D rods can endorse the material enhanced wettability and directional diffusion of the electrolyte along the grooves. 32 Also, the multi-angular structure can help release strains resulting from de-insertion/insertion of Na + ions in multiple directions. The relatively large particle size is also good to improve the volumetric energy density.
NMO850 and NMO900 were chosen for further electrochemical testing since they are mainly composed of Na 0.44 MnO 2 without Na 0.4 MnO 2 . Figure 4a shows CV curves of NMO850 and NMO900. For NMO850, the voltage peaks in the oxidation process for the initial cycle were centred at 3.09, 3.31, and 3.51 V, respectively. The cathodic scan shows six peaks at 3.37, 3.13, 2.93, 2.61, 2.36, and 2.15 V, which is consistent with the reported six biphasic transitions, implying a complex multiphase transition mechanism during Na-ion insertion and extraction processes. 19, 20 Six highly reproducible redox processes can be clearly seen in the following cycles, as shown in Figure S6 . There is little difference between the first cycle and the subsequent cycles, demonstrating the stable charge and discharge processes.
This result is different from some other reports, in which the initial anodic scans are stronger than those in the subsequent cycles. 12, 15 This can be attributed to the strain tolerance of the multi-angular structure for Na + de-insertion/insertion. It can be seen that the CV curves of NMO900 shows similar transitions and same position of reduction peaks compared with NMO850. The voltage peaks in the oxidation process, however, exhibit values higher than those of NMO850 and were observed at 3.13, 3.34, and 3.54 V respectively, indicating its more serious polarization. This may be responsible for the difference in the discharge capacity between them.
The charge-discharge curves (Figure 4b ) of NMO850 and NMO900 at 0.1 C also display six plateaus, which are consistent with the CV results and could be attributed to the extraction of Na + from different sites. 14, 33 It was reported that the Na ions located in the S-shape tunnels can produce a theoretical capacity of 50 mAh g -1 . 34 In our work, the initial charge capacity of NMO850 at 0.1 C is 49.4 mAh g -1 , corresponding to the extraction of 0.18 Na + from the Na 0.44 MnO 2 framework.
The cycling performances of NMO850 and NMO900 were investigated at the high current density of 8.3 C, as shown in Figure 4c . It can be seen that both the samples exhibit a stable cycling performance with negligible decay within 1000 cycles. In detail, NMO850 and NMO900 deliver initial discharge capacities of 73.1 and 27.9 mAh g -1 , respectively. From the inset amplification image, it can be found that both the discharge capacity kept increasing during the first 200 cycles, arising from an activation process. The discharge capacities were 82.1 and 39.8 mAh g -1 after about 1000 cycles for NMO850 and NMO900, respecively. In particular, NMO850 retained a discharge capacity of 72.8 mAh g -1 after 2000 cycles, corresponding to a high capacity retention of 99.6% of the initial capacity. Moreover, the coulombic efficiency was 212% in the first cycle and remained stable at nearly 100% up to 2000 cycles. The cycling performances of NMO850 and NMO900 at 0.1 C are shown in Figure S7 . At both 8.3 C and 0.1 C, NMO850 exhibits high capacity and good cycling stability owing to its composition, unique morphology, and suitable particle size. NMO900, however, shows lower reversible specific capacity due to the greater strains resulting from its bigger particle size and smoother surface (Figure 2d and 3c) . The capacity and stability related to the size of Na 0.44 MnO 2 was also testified by Zhan et al. 16 and Cao et al.
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The rate capacities of NMO850 and NMO900 are shown in Figure 4d . at 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respectively, and it can return back to 97.1 mAh g -1 at 0.1 C after cycling at 10 C. By contrast, NMO900 delivered much lower capacities. The good cycling and rate performance of NMO850 can also be ascribed to the well-defined 3D channel structure of the Na 0.44 MnO 2 , which effectively facilitates the extraction/ insertion of Na + ions.
To the best of our knowledge, this is the best cycling performance, with long cycle life and high cycling stability at a high current density of 8.3 C, compared with other reported results for Na 0.44 MnO 2 , as summarized in Table 1 . D Na+ of NMO850 is larger than that of NMO900, indicating its faster sodium ion diffusion, which results from its more suitable size and more distinct multi-angular structure than those of NMO900.
In-situ X-ray synchrotron diffraction was also conducted to investigate the Na + deinsertion/insertion behaviour during the first charge-discharge process at 0.5 C for NMO850, as shown in Figure 6a . Potential drops are related to single-phase domains in a narrow sodium content range and the sloping curves are the signature of solid-solution behaviour. 27 There is no evident formation of new phases or superstructures but solid-solution reaction during the Na extraction/insertion from/into the Na 0.44 MnO 2 framework. 35 It is clearly seen that all the peaks shift towards larger 2θ values during the charge process, indicating the extraction of Na + from and contraction of the unit cell in the Na 0.44 MnO 2 framework. During the discharge process, those shifted peaks move back to lower degree and the phase can go back to the original one (the same as the XRD of initial Na 0.44 MnO 2 ) at ~2.8 V. The intensity of (200) decreased, especially after the phase recovered to the primary one (~2.8 V). Upon further discharging, the NMO framework kept expanding, which would cause the decrease of structure ordering, resulting in the decrease of peak intensity. At the end of discharge process, all the peaks shifted to lower degrees relative to the original ones, resulting from the insertion of more Na + into the Na 0.44 MnO 2 framework during the discharge process than the extracted ones during the charge process. The two split peaks ( (3 5 0) and (0 10 0)) around 34° merge into one peak when charged to 3.8 V, and the peak starts splitting again at the beginning of discharge. This could be caused by the changing amount of Na + ions in the structure due to the de-insertion/insertion of Na + ions. 36 The corresponding change of cell parameters a, b, c and volume are shown in Figure 6b . The parameters a, b and c all become smaller during the charge process due to extraction of Na + and turn to be larger during the discharge process. It can be seen that the charge process affects mainly the b parameter, while strong variation of a and c occur during the discharge process, in accordance with the changes in the (2 0 0) and (0 10 0) peaks in Figure 6a . Similar trends on the crystal structure parameters change have also been observed by Sauvage et al. 19 The volume change is calculated to be less than 2.53%, demonstrating the excellent structure stability and thus high cycling stability of this material during the charge and discharge processes.
To clarify the stability of the electrode, TEM characterization was performed on NMO850 electrode, which was discharged to 2.8 V after cycling for 100 times at 0.1 C. The same morphology of the bright field TEM image (Figure 7a ) as for Figure 2c and Figure 3b demonstrates the stable structure of NMO850. The lattice spacing in the HRTEM image 
CONCLUSION
In summary, we synthesized multi-angular rod-shaped Na 0. 
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